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PURPOSE. Cigarette smoking is the strongest environmental risk
factor for wet age-related macular degeneration (AMD). Inap-
propriate expression of proangiogenic vascular endothelial
growth factor (VEGF) and antiangiogenic pigment epithelium
derived factor (PEDF) may cause choroidal neovascularization
(CNV), a key event in wet AMD, resulting in vision loss. Nico-
tine (NT), a potent angiogenic agent abundant in second-hand
smoke, may play a major role in the pathogenesis of wet AMD.
The purpose of this study was to evaluate the expression of
nicotinic acetylcholine receptors (nAchR) in retinal pigment
epithelium (RPE) and determine the effects of NT on RPE-
derived VEGF and PEDF expression in the context of passive
smoking.

METHODS. Human RPE cells were treated with NT (10�8 M),
with or without the nAchR-nonspecific antagonist hexametho-
nium (HXM) (10�5 M) for 72 hours. RPE sheets were micro-
dissected from rats exposed to NT in drinking water (100
�g/mL), with or without HXM (40 mg/kg/d, intraperitoneally),
for 72 hours. Cell death was determined by cell count and
proliferation by Western blot for proliferating cell nuclear
antigen (PCNA). nAchR expression was examined by real-time
PCR and Western blot. ERK activation was evaluated by West-
ern blot analysis. VEGF and PEDF expression was assessed by
ELISA, Western blot, and real-time PCR.

RESULTS. Cultured RPE cells constitutively expressed the nAchR
�3, �10, and �1 subunits, with �1 being the most prevalent.
The nAchR �4, �5, �7, and �2 subunits were detected in RPE
sheets from rats, among which �4 is the predominant subtype.
NT, which did not result in either cell death or proliferation,
induced �1 nAchR, upregulated VEGF, and downregulated
PEDF expression through nAChR in ARPE-19 cells. Transcrip-
tional activation of the nAchR �4 subunit and nAChR-mediated
upregulation of VEGF and PEDF were observed in RPE from
rats exposed to NT.

CONCLUSIONS. NT increased the VEGF-to-PEDF ratio in the RPE
through nAchR in vitro and in vivo. This alteration in the ratio
may play a key role in the progression to wet AMD in passive
smokers. (Invest Ophthalmol Vis Sci. 2011;52:3842–3853)
DOI:10.1167/iovs.10-6254

Age-related macular degeneration (AMD), a degenerative dis-
ease of the retina, is the leading cause of blindness in the

elderly worldwide and has devastating effects on an individual’s
quality of life.1–4 As older people make up the fastest growing
segment of the population, AMD is becoming a serious public
health issue. AMD affects more than 1.75 million individuals in the
United States, and it is estimated that more than 300,000 new
cases are diagnosed annually.1,3 Unless better preventive treat-
ments emerge, this number is expected to climb and even to
reach epidemic proportions with the overall aging demograph-
ics.5 Currently, there is no cure for AMD, and treatments are very
limited.

AMD occurs in two main forms: dry and neovascular, or wet.6

Only a fraction of patients with dry AMD develop the wet form of
the disease, the most aggressive type of the condition, which
accounts for 80% to 90% of cases of severe vision loss related to
AMD. Choroidal neovascularization (CNV) is a key event in wet
AMD, characterized by the growth of abnormal blood vessels that
originate from the choroid through defects in Bruch’s membrane
and invade the region beneath the retinal pigment epithelium
(RPE). CNV can cause bleeding and fluid leakage, which, along
with RPE and photoreceptor destruction, lead to rapid vision loss
if left untreated. Although our understanding of the two forms has
increased substantially, there is still much debate as to why and
how the disease progresses and what elements lead to the pro-
gression from dry to wet AMD.

A shift in the delicate balance between angiogenic stimula-
tors and inhibitors may be involved in the development of
CNV.7 Vascular endothelial growth factor (VEGF) is a major
angiogenic cytokine central in the development of wet
AMD,8–10 whereas the potent angiogenic inhibitor pigment
epithelium-derived factor (PEDF) counterbalances the effect of
VEGF.11,12 The RPE, which supports photoreceptor cell func-
tion and plays a pivotal role in the maintenance of the outer
retina, is recognized as the initial pathogenic target in AMD.13

In the healthy eye, the RPE secretes a variety of growth factors,
including VEGF14 and PEDF.15 Although the initiation of CNV
is not well understood, the dysregulated expression of VEGF
and PEDF by RPE cells may be involved.16

Although the pathophysiological mechanisms that cause
AMD are not well understood, this multifactorial degenerative
disease clearly results from a complex interplay among ge-
netic17 and environmental risk factors, among which cigarette
smoking is the single most important preventable factor.18–21

Overwhelming evidence shows that smokers have a greater
prevalence of AMD than do nonsmokers,18,19,22–27 and former
smokers remain at high risk for AMD.25 Although Khan et al.28

reported that passive smoking almost doubles the risk of
AMD,28 data with regard to the possible link between passive
smoking and AMD are scarce and often conflicting.29 Passive
smoking, also known as second-hand smoke or environmental
tobacco exposure is the combination of mainstream smoke
exhaled by the smoker and sidestream smoke that comes from
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the burning end of a cigarette. Apart from active cigarette
smoking, SHS, a toxic cocktail consisting of more than 4000
chemical compounds, is a widespread source of nicotine (NT)
exposure,30,31 as it contains twice as much NT per unit volume
as does smoke inhaled from a cigarette. NT is not only the
major bioactive and addictive component of cigarette smoke,
but also is a potent angiogenic agent.32,33 NT exerts its biolog-
ical effects through binding to nicotinic cholinergic receptors
(nAchR),34,35 which are expressed in a variety of peripheral
non-neuronal cells.36–44 Although several nAChR subtypes
have been reported in human choroidal and retinal endothelial
cells,41 the presence of nAchR in the RPE has not been inves-
tigated. Our group has shown that NT increases the size and
severity of experimental CNV in mice.45 NT promotes angio-
genic tube formation in vitro in choroidal and retinal endothe-
lial cells.41 A recent study showed that the proangiogenic
effect of NT is mediated by the �7 nAchR in human retinal
endothelial cells.46 It has also been reported that activation of
nAChR by NT may contribute to the increased incidence of CNV
seen in smokers with AMD.41 The angiogenic activity
of nAchR and its implication in tobacco-related vascular diseases
have been discussed in a review published by Egleton et al.47

Furthermore, NT upregulates the expression of VEGF in endothe-
lial cells48 and induces endothelial cell proliferation.32,33,43 It is
thus likely that NT promotes the pathologic angiogenesis seen in
CNV and therefore plays a key role in the pathogenesis of wet
AMD. We and others have shown that cigarette smoke and hy-
droquinone, a major pro-oxidant in cigarette smoke, cause oxida-
tive damage to the RPE that may be critical in the pathogenesis of
dry AMD.49–54 To our knowledge, no study has ever been con-
ducted on NT, passive smoking, and angiogenesis in the RPE.
Therefore, the purpose of this study, which combined the sim-
plicity of an in vitro approach and the complexity of an animal
model, was to characterize the contribution of the RPE to the
proangiogenic effects of NT in the context of passive smoking.
The results presented may help explain the progression of AMD
toward CNV in individuals who are passive smokers.

MATERIAL AND METHODS

Cell Culture

ARPE-19 cells, a nontransformed human RPE cell line55 obtained from
American Type Culture Collection (Manassas, VA), were grown
to confluence in Dulbecco’s modified Eagle’s medium-Ham’s F12
(DMEM/F12; 1:1 vol/vol) growth medium supplemented with 10%
fetal bovine serum (FBS), 1 mM L-glutamine, 100 �g/mL penicillin/
streptomycin, and 0.348% Na2CO3 (Invitrogen-Gibco Carlsbad, CA) in
a 5% CO2 humidified air incubator at 37°C. For the experiments, the
cells were divided and plated at subconfluent density in six-well plates
and grown to confluence. At the time of confluence, the medium was
replaced for 24 hours with phenol red–free medium supplemented
with 10% FBS. The cells were then treated in phenol red–free 1% FBS
medium with NT 10�8 M (Sigma-Aldrich, St. Louis, MO) for various
times. In some experiments, the cells were pretreated for 1 hour with
the nonspecific nicotinic antagonist hexamethonium chloride (HXM;
10

�5
M; Sigma-Aldrich) before they were treated with NT 10�8 M for 10

minutes or 72 hours. After treatment, the cells were washed with
phosphate-buffered saline and harvested for protein with a lysis buffer
(M-PER; Pierce, Rockford, IL) or RNA extraction (TRI reagent; Sigma-
Aldrich). All experiments (triplicate wells for each condition) were
performed at least in triplicate. The number of surviving cells was
measured by cell count at the end of the treatment with NT (model Z1
particle counter; Beckman Coulter, Hialeah, FL).

Animals

Nine-month-old male Sprague-Dawley rats were obtained from Jackson
Laboratories (Bar Harbor, ME) and maintained at the McKnight Vision

Research Center at the University of Miami Miller School of Medicine, in
compliance with institutional regulations. This study was conducted ac-
cording to the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and was approved by the University of Miami Care and
Use Committee. The experiments were performed in accordance with the
Animal Welfare Act provisions and all other animal welfare guidelines for
the care and use of laboratory animals. The rats were randomly divided
into four groups (n � 5, each group):

Group 1: control rats receiving unaltered drinking tap water.

Group 2: rats receiving NT orally in drinking water (100 �g/mL) for
3 days.

Group 3: rats receiving unaltered drinking tap water and HXM
chloride by daily intraperitoneal injection (40 mg/kg/d) for 3 days;

Group 4: rats receiving NT orally in drinking water in combination
with HXM chloride by intraperitoneal injection for 3 days.

The definition of passive smoking varies considerably from study to
study.29 Most cigarettes contain 0.5 to 1.63 mg of NT per cigarette in the
mainstream smoke (environmental tobacco exposure) exhaled by the
smoker.56 Herein, NT was administered at a dose of 100 �g/mL to simulate
passive smoking, as the overall intake of NT was predicted to range between
3.0 and 3.6 mg (equivalent to six cigarettes) based on a daily water intake of
30 to 36 mL/rat. The rats were housed in plastic cages with free access to food
and water, and were kept on a 12-hour light–dark cycle.

Human Primary RPE Cell Line

One pair of eyes (84-year-old female donor) not suitable for transplan-
tation was obtained from the Lions Eye Bank (Miami, FL). The eyes
were rinsed twice with 10% gentamicin and then washed in DMEM
followed by an enzymatic digestion in 2% Dispase in DMEM for 45
minutes at 37°C. They were then washed twice in growth medium and
subsequently transferred into fresh growth medium for microdissec-
tion. Using an upright dissection microscope, the anterior segment was
removed, and the vitreous-retina was separated from the RPE and
choroid. The RPE monolayer was dissected from Bruch’s membrane,
and the choroid and intact sheets of RPE cells were peeled and
collected in a 15-mL tube. The RPE cells were centrifuged at 1500 rpm
for 5 minutes and resuspended in growth medium. The cell suspension
(0.5 mL/well) was added to a 12-well plate containing growth medium.
They were cultured at 37°C in 5% CO2 for 10 days, with the medium
changed every other day. After 10 days, the cells were trypsinized,
collected in a tube, centrifuged at 1000 rpm for 5 minutes, and
resuspended in growth medium. They were then plated in six-well
plates until confluence was reached, at which time they were
trypsinized and grown in a larger flask. The identity of the cultured RPE
cells was confirmed by positive staining for cytokeratin 8 and 18 (a
kind gift from Boris Stanzel, University Eye Hospital Bonn, Germany)
and ZO1 (Invitrogen-Gibco) (data not shown). Our management of the
donor eyes adhered to the tenets of the Declaration of Helsinki for
research involving human subjects.

Isolation of Rat RPE Sheets

At the end of the experimental period, rats were euthanatized with
CO2, and the eyes were immediately removed and microdissected for
recovery of RPE sheets as described above. Total protein and RNA
were extracted and stored at �80°C.

Western Blot Analysis

Total protein was extracted from RPE cell lysates and RPE microdis-
sected from rats exposed to NT for 3 days. Protein concentration was
determined by a detergent-compatible protein assay (Bio-Rad, Hercu-
les, CA). Thirty micrograms of protein were resolved on a 4% to 20%
sodium dodecyl sulfate (SDS) polyacrylamide gel (Invitrogen) and
transferred in 25 mM Tris, 192 mM glycine, 0.1% SDS, and 20%
methanol (pH 8.4) to a nitrocellulose membrane (Hybond-ECL; GE
Health care; Piscataway, NJ). Membranes were then blocked in Tris-
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buffered saline (TBS)-Tween 20 buffer containing 5% nonfat dry milk
(Bio-Rad, Hercules, CA) for 1 hour at room temperature. The blots
were incubated overnight at 4°C with one of the following: mouse
monoclonal phospho-ERK1/2, mouse monoclonal nAchR �1, mouse
monoclonal PCNA (Santa Cruz Biotechnology Inc., Santa Cruz, CA),
rabbit polyclonal ERK (Promega, Madison, WI), mouse monoclonal
VEGF (Abcam, Cambridge, MA), mouse monoclonal PEDF (Chemicon
Millipore, Billerica, MA), or rabbit monoclonal GAPDH (control to
assure equal protein loading; Cell Signaling, Danvers, MA) antibody.
The membranes were washed with TBS-Tween 20 and incubated with
horseradish-peroxidase–linked donkey anti-rabbit or anti-mouse anti-
body (Santa Cruz Biotechnology Inc.) for 1 hour at room temperature.
After final washes, immunofluorescence bands were detected by ex-
posing the blots to a chemiluminescent solution (ECL Western Blot
Substrate; Pierce) and then to autoradiograph film (Amersham Hyper-
film ECL; GE Health care). The bands were scanned and quantified by
densitometry (ImageJ v1.34s software available by ftp at zippy.nimh-
.nih.gov/ or at http://rsb.info.nih.gov/nih-imageJ; developed by Wayne
Rasband, National Institutes of Health [NIH], Bethesda, MD).

Real-Time PCR

Total RNA was extracted (Tri reagent; Sigma-Aldrich) from RPE cells
treated with NT 10�8 M and RPE microdissected from rats exposed to
NT (100 �g/mL) for 3 days. RNA concentrations were measured spec-
trophotometrically (Nanodrop 2000; ThermoScientific, Waltham, MA),
and the quality of each RNA sample was confirmed by calculating the
ratio of optical density at 260:280 nm. Reverse transcription was
performed with random primers on 1.25 �g of total RNA in a final
reaction volume of 50 �L (High-Capacity cDNA Archive Kit; Applied
Biosystems, Inc., Foster City, CA). Quantitative real-time PCR was
performed (iCycler iQ system using iQ SybrGreen Supermix; Bio-Rad),
as specified by the manufacturers’ instructions, and the fluorescence
thresholds were calculated with the system software. The primer
sequences and size of the product for each targeted gene are described
in Table 1. GAPDH was used as the endogenous control gene. Human
GAPDH and VEGF primer sequences are available in the public domain
RTPrimerDB database (http://medgen.UGent.be/rtprimerdb/).57 Primer
sequences for human PEDF, nAchR �3, �10 and �1 subunits are available
in the qPrimerDepot database (http://primerdepot.nci.nih.gov/; NIH,
Bethesda, MD). All primer sequences for rat GAPDH and VEGF58; PEDF59;
and �4, �5, �7, and �2 nAchR60 were previously published. Primers were
purchased from Sigma-Aldrich. The amplification program consisted of 1
cycle at 95°C for 15 minutes, followed by 40 cycles at 95°C for 15
seconds, and 65°C for 1 minute. Regular PCR was performed with the
primer sets, and the products were analyzed on an ethidium bromide–

stained 2% agarose gel to confirm the product size and specificity (data not
shown). Melting curves were also acquired and analyzed to ensure the
specificity of the reaction. Each sample was run in duplicate and normal-
ized to the GAPDH transcript content. The change ratio in mRNA levels
was calculated using the 2���CT method, with corrections for the house-
keeping gene GAPDH.61 Separate control experiments using serial dilu-
tions of cDNA demonstrated that the efficiencies of each target gene and
GAPDH amplification were similar, hence validating the use of compara-
tive Ct method to determine relative expression of genes of interest (data
not shown). To evaluate constitutive expression of nAchR subunits, real-
time PCR products were visualized after electrophoresis separation on a
2% agarose gel. Pictures were captured using the molecular imager
(ChemiDoc XRS system; Bio-Rad) for gel documentation.

ELISA for VEGF and PEDF

Cell supernatants were collected, and concentrations of VEGF (R&D
Systems, Minneapolis, MN) and PEDF (Millipore Corp., Bedford, MA) were
determined with an ELISA kit according to the manufacturer’s instructions.
Total protein content in the supernatant was also determined so that VEGF
and PEDF expression could be calculated relative to total protein (nanograms/
milligram of protein) and were subsequently expressed as a percentage of the
control.

Statistical Analysis

Data expressed as a percentage of the control are the mean � SEM of
the results of three to six experiments performed in triplicate. Differ-
ences were analyzed using the nonparametric Kruskal-Wallis ANOVA
with Dunn’s multiple-comparison test and Student’s t-test. P � 0.05
was considered statistically significant.

RESULTS

Exposure to NT 10�8 M for 72 Hours Does Not
Induce Either Cell Death or Proliferation in
ARPE-19 Cells

The definition of passive smoking varies considerably from
study to study.29 However, reports show that concentrations
of NT in the plasma of active smokers are higher than those
found in the plasma of passive smokers. In a study published by
our group in 2004, we investigated the effects of physiologic
concentrations of NT comparable to those of active and passive
smokers (10�6 and 10�8 M, respectively) on choroidal vascular
smooth muscle cells.45 Back in 1984, Benowitz et al.62 showed

TABLE 1. Sequence of Real-Time PCR Primers

Target Gene Forward Primer Reverse Primer
Size
(bp)

Human

GAPDH tgc acc acc aac tgc tta gc ggc atg gac tgt ggt cat gag 87
VEGF agg agg agg gca gaa tca tca ctc gat tgg atg gca gta gct 76
PEDF tcc aat gca gag gag tag ca tgt gca ggc tta gag gga ct 93
�3 nAchR ctt gct gct cac ctg gaa at tat ggt ggg gca gag ttc at 102
�10 nAchR gga cca cgt tgg tgc tg cat ccc cag cag tct tgt gt 92
�1 nAchR gca gca gca gga aca cag ta ctc ttc tgg cca tct tcg tc 102

Rat

GAPDH atg gtg aag gtc ggt gtg gaa ctt gcc gtg ggt aga g 82
VEGF act gtg agc ctt gtt cag agc cgg atc ttg gac aaa caa atg c 50
PEDF aca ggg cag ctt ttg agt gg atg aac ggt cgg tta agg tga ta N/A
�4 nAchR gga ccc tgg tga cta cga ga cat aga aca ggt ggg cct tg 137
�5 nAchR tgg aac acc tga gcg aca ag cgt gac agt gcc gtt gta cc 284
�7 nAchR aca ttg acg ttc gct ggt tc cta cgg cgc atg gtt act gt 235
�2 nAchR agc ctt ctt tgg ctg tgc tc gag ccg tta gta gct gga cga 135

N/A, not available.
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that NT plasma concentrations in active and passive smokers
range between 10�6 and 10�8 M, respectively. Based on these
observations, we elected to focus on NT 10�8 M, representa-
tive of the plasma concentration in passive smokers.

We first determined whether NT 10�8 M for 72 hours was
the appropriate concentration and duration of exposure by
assessing the number of surviving cells by cell count. We found
that the number of cells after NT treatment was not different
from control cells (Fig. 1A). Therefore, exposure to NT 10�8 M
for 72 hours was not lethal in ARPE-19 cells.

NT has been shown to induce proliferation in a variety of
cells including mesangial44 and endothelial cells.32,33,43 There-
fore, the proliferative effects of NT were next examined by
Western blot for PCNA, an endogenous marker of cell prolif-
eration, on ARPE-19 cells exposed to NT 10�8 M for 72 hours.
As shown in Figure 1B (left), addition of NT in concentrations
reflecting those observed in the serum of passive smokers for
three consecutive days did not upregulate PCNA protein ex-
pression in ARPE-19 cells, as shown by Western blot analysis.

To eliminate the possibility that the PCNA findings were
due to the nonproliferative state of confluent cells, we next
analyzed proliferation in response to NT in subconfluent
ARPE-19 cells. Essentially the same results were achieved as
those reported in confluent cells (Fig. 1B, right).

Human RPE Cells Constitutively Express the �3,
�10, and �1 nAchR Subunits

NT exerts its biological effects through binding to nAChR.34,35

nAchR is expressed in a variety of peripheral non-neuronal
cells.36–44 However, it is not known whether and which type

of nAchR is expressed in human RPE cells. Therefore, to
establish the presence of nAchR in RPE cells, we used real-time
PCR to detect nAchR subtype transcripts in extracts from
cultured ARPE-19 and primary RPE cells. As shown in Figures
2A, 2B, 2E, 2G, and 2H, we found that the nAChR �3, �10, and
�1 subunits were expressed in the ARPE-19 cells. We did not
detect significant expression of any other isoforms. The �1
nAchR subunit was by far the most abundant, as its expression
was �103-fold higher than that of �3 (103.7 � 5.5 vs. 1.0 �
0.03, P � 0.0001; Fig. 2A) and �79-fold higher than �10
(79.5 � 4.2 vs. 1.0 � 0.07, P � 0.0001; Fig. 2B).

To exclude the possibility that our data collected in
ARPE-19 cells may be an artifact due to the use of an immor-
talized cell line, nAchR expression was also evaluated by real-
time PCR in a human primary RPE cell line generated and
characterized in our laboratory (see the Material and Methods
section). Indeed, similar results were achieved in ARPE-19 and
primary RPE cells. We showed that primary RPE cells express
the �3, �10, and �1 nAchR subunits (Figs. 2C, 2D, 2E, 2G, 2H).
Levels of the �1 nAchR transcript were �214-fold higher than
�3 (215.2 � 44.6 vs. 1.0 � 0.05; P � 0.001; Fig. 2C) and
�52-fold higher than �10 (51.9 � 10.8 vs. 1.0 � 0.1, P �
0.001; Fig. 2D), thereby confirming that the nAchR �1 subtype
is the most abundant isoform in RPE cells. To expand these
findings, we used Western blot to confirm the presence of the
�1 nAchR subtype in ARPE-19 and primary RPE cells. Consis-
tent with the detection of mRNA encoding for the �1 nAchR
subunit, both ARPE-19 and primary RPE cells constitutively
expressed the �1 nAchR subtype (Fig. 2F). These findings
demonstrate for the first time that human RPE cells constitu-
tively express the nAchR �3, �10, and �1 subtypes, which
could mediate the deleterious effects of NT on these cells.
Based on the similarities between both cell lines, all subse-
quent experiments were conducted in ARPE-19 cells.

nAchRs Mediate NT-Induced ERK
Phosphorylation in ARPE-19 Cells

To further investigate nAchR in RPE cells, we next postulated
that these receptors were functional. NT has been shown to
activate the ERK pathway in rat vascular smooth muscle
cells.63 To test the hypothesis and to characterize the signaling
pathway by which NT exerts its effects on RPE cells, we next
performed a time-course analysis of ERK phosphorylation by
Western blot on cell lysates from ARPE-19 cells exposed to NT
10�8 M for various times (0, 1, 2, 5, 10, 20, and 30 minutes). As
shown in Figure 3A, exposure of ARPE-19 cells to NT induced
a rapid, robust, and sustained phosphorylation of ERK, starting
as early as 1 minute, reaching a peak between 10 (466.6% �
176.9% vs. 100.0% � 0.97%; P � 0.01) and 20 (439.9% �
177.4% vs. 100.0% � 0.97%; P � 0.05) minutes, and declining
quickly at 30 minutes (208.7% � 13.10% vs. 100.0% � 0.97%;
P � 0.01). These observations demonstrate that the nAchRs
expressed in cultured ARPE-19 cells are functional.

HXM is a broad-spectrum, nonspecific nAchR antagonist
that blocks most heteromeric and homomeric forms of nAchR
and provides a useful tool to explore the role of nAchR in
biological processes. To confirm that NT-induced ERK phos-
phorylation was mediated by nAchR, we treated ARPE-19 cells
with HXM 10�5 M for 1 hour before they were exposed to NT
10�8 M for 10 minutes. As presented in Figure 3B, HXM almost
completely abolished NT-induced ERK phosphorylation in
ARPE-19 cells (140.8 � 29.8 vs. 496.6 � 117.4, P � 0.05),
establishing that ERK activation resulting from treatment with
NT is mediated by nAchRs.

FIGURE 1. Effect of NT on ARPE-19 cells. (A) NT does not induce cell
death. The number of surviving cells was determined by cell count in
serum-starved confluent ARPE-19 cells exposed to NT 10�8 M for 72
hours. Data are expressed as a percentage of control and are the
mean � SE of three independent experiments run in duplicate. (B) NT
does not induce cell proliferation. The proliferative effects of NT were
examined by Western blot for PCNA on confluent (left) and subcon-
fluent (right) serum-starved ARPE-19 cells exposed to NT 10�8 M for 72
hours. GAPDH served as the loading control. Shown is a Western blot
from a representative experiment. The protein’s molecular mass is
shown at left in kilodaltons.
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NT Induces the �1 nAchR Subtype
Transcriptional Activation in ARPE-19 Cells

Upregulation of brain nAChRs by chronic NT treatment has
been reported in mice.64 Herein, we investigated whether
NT may modulate the �1 nAchR subtype expression in RPE
cells. The �1nAchR isoform was our preferred target recep-
tor because we found that it is the most abundant subtype in
ARPE-19 cells. To address this question, we treated ARPE-19
cells with NT 10�8 M for 72 hours and �1 nAchR subtype
mRNA levels were determined by real-time PCR. As shown
in Figure 4, expression of �1 nAchR mRNA was increased by
39% (1.39 � 0.04 vs. 1.00 � 0.03, P � 0.0001) in response
to NT compared with control cells. These observations sug-
gest that chronic exposure to NT induces an upregulation of
the number of �1 nAchRs on the ARPE-19 cell surface.

NT Increases VEGF Expression and Decreases
PEDF Expression through nAchR in
ARPE-19 Cells

VEGF, produced and secreted by RPE cells in culture,14 is a
major angiogenic cytokine central to the development of wet

AMD.8–10 Therefore, we next determined the effect of NT on
VEGF mRNA expression by real-time PCR. As shown in Figure 5A,
we found that treatment with NT 10�8 M for 72 hours resulted
in a robust �82% increase in VEGF mRNA expression com-
pared with control cells (1.82 � 0.19 vs. 1.00 � 0.02, P �
0.0001). VEGF protein released in the media by ARPE-19 cells
in response to NT was increased by 27.3% relative to control
cells as measured by ELISA (127.3% � 5.4% vs. 100.0% � 2.4%;
P � 0.001; Fig. 5B).

PEDF, a potent angiogenic inhibitor,15 counterbalances the
effects of VEGF and modulates the formation of CNV.65,66 There-
fore, we next studied the effect of NT 10�8 M on PEDF mRNA
expression by real-time PCR in ARPE-19 cells. As presented in
Figure 5C, we found that treatment with NT for 72 hours led to a
�26% decrease in PEDF mRNA expression compared with that in
control cells (0.74 � 0.02 vs. 1.00 � 0.05, P � 0.0001). The
amount of PEDF protein secreted into the medium by ARPE-19
cells in response to NT was also decreased by �28% compared
with that in control cells (0.72% � 9.1% versus 100.0% � 4.2%,
P � 0.05) as measured by ELISA (Fig. 5D). As a result of treatment
with NT, the VEGF/PEDF protein ratio was increased by �76% in
ARPE-19 cells (1.76 � 0.19 vs. 1.00 � 0.02, P � 0.05; Fig. 5E).

FIGURE 2. Human RPE cells consti-
tutively expressed the �3, �10, and
�1 nAchR subunits. Real-time PCR
demonstrated the presence of the
nAchR �3, �10, and �1 subunit tran-
scripts and the prevalence of the �1
subtype in confluent serum-starved
(A, B, E, G, H) ARPE-19 and (C, D, E,
G, H) human primary RPE cells.
GAPDH was used as the housekeep-
ing gene. Real-time PCR to determine
the expression of the (E) �1, (G) �3,
and (H) �10 nAchRs was followed by
ethidium bromide–stained agarose
gel electrophoresis, to visualize the
products in ARPE-19 and primary
RPE cells. Shown are representative
gels. At left is the size of the tran-
script in base pairs. (F) Western blot
analysis demonstrated the expres-
sion of the most prevalent nAchR �1
subunits in confluent, serum-starved
ARPE-19 and primary RPE cells.
Shown is a representative gel. The
proteins’ molecular mass is shown at
the left in kilodaltons.
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Next, we showed that NT-induced VEGF mRNA upregulation
was completely abolished by HXM (1.03 � 0.02 in cells treated
with NT and HXM versus 1.84 � 0.27 in cells treated with NT
alone; P � 0.01), suggesting that the effect of NT 10�8 M on VEGF
mRNA expression is mediated through activation of nAchR (Fig.
5F). We also showed that NT-induced PEDF mRNA downregula-
tion was completely abolished by HXM (1.02 � 0.06 in cells

treated with NT and HXM versus 0.81 � 0.02 in cells treated with
NT alone; P � 0.05; Fig. 5G). These data suggest that the effect of
NT on PEDF mRNA expression is mediated by nAchR.

RPE from Rats Constitutively Express the �4, �5,
�7, and �2 nAchR Subunits

Aware of advantages and limitations of in vitro studies, includ-
ing the possibility that the ARPE-19 cell differentiation state
may not be similar to adult cells in vivo, we decided to inves-
tigate whether our observations on cultured human RPE cells
could be confirmed in an animal model. Consistent with our in
vitro data, we used real-time PCR to demonstrate the constitu-
tive expression of nAchR subtype transcripts in RPE from rats.
As shown in Figure 6A, we found that rat RPE extracts ex-
pressed the nAChR �4, �5, �7, and �2 subunits. We did not
detect any significant expression of other isoforms. The �4
nAchR subunit was by far the most abundant subtype, as its
levels were �116-fold higher than �5 (116.0 � 9.2 vs. 1.00 �
0.14, P � 0.0001; Fig. 6B), �226-fold higher than �7 (226.7 �
18.0 vs. 1.00 � 0.15, P � 0.0001; Fig. 6C), and �6.0-fold
higher than �2 (6.1 � 0.5 vs. 1.00 � 0.11, P � 0.0001; Fig. 6D).
These findings demonstrate that under basal conditions, rat
RPE expresses several subtypes of nAChR that could mediate
deleterious cellular responses after activation with NT.

NT Induces �4 nAchR Subtype Transcriptional
Activation in RPE from Rats

In this study, exposure to NT increased �1 nAchR subtype
mRNA expression in ARPE-19 cells. Based on these observa-
tions, we sought to determine whether such transcriptional
activation of the predominant nAchR isoform also occurs in
vivo. Indeed, �4 nAchR subtype mRNA expression was ro-
bustly upregulated by 61% (1.61 � 0.15 vs. 1.00 � 0.04; P �
0.001) in RPE from rats treated with NT for 3 days relative to
controls (Fig. 7). These data confirm our in vitro observations
and indicate that prolonged exposure to NT increases the
number of �4 nAchR isoforms in rat RPE in vivo.

NT Increases the Ratio between VEGF and PEDF
through nAchR in RPE from Rats

In this study, exposure of ARPE-19 cells to NT increased VEGF
mRNA and protein levels and concomitantly decreased PEDF
mRNA and protein expression, which resulted in an increased
VEGF/PEDF protein ratio. To determine whether these effects
of NT in vitro in ARPE-19 cells are consistent with changes in

FIGURE 4. NT upregulated the nAchR �1 subtype expression in
ARPE-19 cells. Confluent serum-starved ARPE-19 cells were treated
with NT 10�8 M for 72 hours, and total RNA was extracted to assess
nAchR �1 mRNA expression by real-time PCR. GAPDH was used as the
housekeeping gene. Data are expressed as the mean � SE and repre-
sent the average results of three independent experiments run in
duplicate. ***P � 0.0001 versus control.

FIGURE 3. nAchRs mediated NT-induced ERK phosphorylation in
ARPE-19 cells. (A) NT induced ERK phosphorylation in ARPE-19 cells.
Total protein was extracted from confluent, serum-starved ARPE-19
cells incubated with NT 10�8 M for various times. (B) NT-induced ERK
phosphorylation was prevented by the nonspecific nicotinic antago-
nist HXM. Total protein was extracted from serum-starved, confluent
ARPE-19 cells preincubated with HXM 10�5 M for 1 hour then exposed
to NT 10�8 M for 10 minutes. Phospho-ERK, total ERK, and GAPDH
expression was assessed by Western blot analysis. Top: Western blot
from a representative experiment. The proteins’ molecular mass is
shown at the left in kilodaltons. Bottom: average densitometry results
of three independent experiments run in duplicate. p-ERK protein
expression was normalized to total ERK. GAPDH served as loading
control for ERK. Data are expressed as a percentage of control and are
the mean � SE of three independent experiments run in duplicate.
*P � 0.05 and **P � 0.01 relative to control; #P � 0.05 relative to NT
alone.
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vivo, we sought evidence for imbalance between VEGF and
PEDF in RPE from rats exposed to NT for 3 days. We showed
that VEGF mRNA expression was strongly upregulated (�1.2-
fold) in rat RPE after exposure to NT relative to control rats
(2.16 � 0.32 vs. 1.04 � 0.14; P � 0.01; Fig. 8A). VEGF protein
expression was concomitantly increased by 98% (198.0% �

12.7% versus 100.0% � 1.7%; P � 0.001) relative to the con-
trols (Fig. 8C). Surprisingly, treatment with NT robustly up-
regulated PEDF mRNA expression (�2.6-fold) in rat RPE com-
pared with the controls (3.63 � 0.58 vs. 1.00 � 0.1; P � 0.001;
Fig. 8B). However, PEDF protein expression was reduced by
46% compared with that in control rats (54.0% � 12.7% versus

FIGURE 5. NT increased VEGF ex-
pression and decreased PEDF expres-
sion through nAchR in ARPE-19 cells.
NT (A) increased VEGF and (C) de-
creased PEDF mRNA expression
in ARPE-19 cells. Confluent serum-
starved ARPE-19 cells were treated
with NT 10�8 M for 72 hours. Total
RNA was extracted to assess VEGF
and PEDF mRNA expression by real-
time PCR. GAPDH was used as house-
keeping gene. NT (B) increased VEGF
and (D) decreased PEDF protein ex-
pression. Concentration of VEGF and
PEDF secreted in supernatants of con-
fluent serum-starved ARPE-19 cells
treated with NT 10�8 M for 72 hours
was assessed by ELISA. (E) NT in-
creased VEGF/PEDF protein ratio. NT-
induced (F) upregulation of VEGF and
(G) downregulation of PEDF mRNA
expression was abolished by HXM.
Confluent serum-starved ARPE-19 cells
were preincubated with HXM 10�5 M
for 1 hour and then exposed to NT
10

�8
M for 72 hours. Total RNA was

extracted to assess VEGF and PEDF
mRNA expression by real-time PCR.
GAPDH was used as housekeeping
gene. Data are expressed as the
mean � SE and represent the average
results of three to four independent
experiments run in duplicate. *P �
0.05 and ***P � 0.0001 versus control;
#P � 0.01 and &P � 0.05 versus NT
alone.
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100.0% � 1.6, P � 0.05; Fig. 8D). In ARPE-19 cells, we showed
that prolonged exposure to NT increased the VEGF/PEDF pro-
tein ratio by �2.4-fold in rat RPE (3.40 � 0.34 vs. 1.00 � 0.11,
P � 0.01; Fig. 8E). Consistent with our in vitro observations,
we also showed that NT-induced VEGF mRNA upregulation
was almost completely abolished by HXM (1.20 � 0.15 vs.
2.16 � 0.32; P � 0.05; Fig. 8A). Furthermore, HXM inhibited
by 35.5% the increase in PEDF mRNA resulting from exposure
to NT (2.34 � 0.17 vs. 3.63 � 0.58; P � 0.05; Fig. 8B). These
results suggest that the effect of NT on VEGF and PEDF tran-
scriptional activation is nAchR mediated.

DISCUSSION

Herein, we performed studies aimed at elucidating potential
mechanisms by which NT in concentrations similar to those

achieved in the plasma of passive smokers may induce patho-
logic angiogenesis and accelerate the progression of AMD to
the blinding wet form of the disease. We demonstrated for the
first time the presence of functionally active nAchRs that con-
tain the �3, �10 and �1 subunits in cultured human RPE cells
and the �4, �5, �7, and �2 subtypes in RPE from rats. We also
established that the �1 and �4 were the predominant isoforms
in RPE cells and RPE from rats, respectively. In addition, we
showed that exposure to NT at clinically relevant concentra-
tions representative of those seen in the plasma of passive
smokers resulted in transcriptional activation of the nAchR �1
and �4 subtypes and nAchR-mediated disruption of the normal
balance between RPE-derived VEGF and PEDF resulting in
increased VEGF-to-PEDF ratio in ARPE-19 cells and RPE from
rats. Under these conditions, NT did not show any lethal or
proliferative effect on RPE.

NT exerts its cellular functions through nAChRs comprising
a combinatorial association of � and � subunits.34,35 nAchRs
are expressed in a wide variety of peripheral non-neuronal,
nonexcitable cells including hepatocytes,36 skin keratinocytes,37

bronchial epithelial cells,38 vascular smooth muscle cells,39 pe-
ripheral blood mononuclear cells,40 mesangial cells,44 and vascu-
lar, retinal and choroidal endothelial cells,41–43 suggesting that
these receptors have distinct functions well beyond neurotrans-
mission. nAchR expression has also been characterized in rat
retina.67 However, it is not known whether and which type of
nAchR is expressed in RPE cells. In this study, we report for the
first time that ARPE-19 cells constitutively expressed functionally
active nAchR containing the �3, �10, and �1 subunits, with �1
being the most abundant isoform. These results were subse-
quently confirmed in human primary cells generated and charac-
terized in our laboratory. The ARPE-19 is a nontransformed hu-
man RPE cell line with normal karyology55 that is routinely used
as an alternative to primary cultures because of its ready availabil-
ity and the stability of its features in prolonged cultivation.
ARPE-19 cells retain many of the characteristics of RPE cells,
including cell morphology and functional tight junctions55 and

FIGURE 6. RPE from rats constitu-
tively expressed the �4, �5, �7, and
�2 nAchR subunits. Real-time PCR
demonstrated the presence of the
nAchR �4, �5, �7, and �2 subunit
transcripts (A–D) and the prevalence
of the �4 subtype (B–D) in RPE from
Sprague-Dawley rats (pooled RNA
from five rats/lane). Real-time PCR
for �4, �5, �7, and the �2 nAchR
isoforms was followed by ethidium
bromide-stained agarose gel electro-
phoresis to visualize the products
(A). Shown are representative gels.
Shown on the left is the size of the
transcripts base pairs. ***P � 0.0001.

FIGURE 7. NT upregulated nAchR �4 subtype expression in rat RPE.
Total RNA was extracted from RPE microdissected from Sprague-
Dawley rats treated with NT (100 �g/mL) in drinking water for 3 days.
The expression of nAchR �4 mRNA was assessed by real-time PCR
using GAPDH as housekeeping gene (pooled RNA from five rats/lane).
Data are expressed as a percentage of control and are the mean � SE.
***P � 0.0001 versus control.
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the ability to phagocytose rod outer segments.68 They also ex-
press the RPE-specific markers CRALBP and RPE65.55 However,
the limitations associated with the use of an established cell line
like ARPE-19 cells include potential phenotypic changes after
multiple passages as well as the possibility that ARPE-19 cells may
represent only a subset of primary RPE cells. In addition, ARPE-19
cells and human primary RPE cells may respond differently with
respect to certain functional properties due to differences in
protein profiling.69,70 On the other hand, ARPE-19 cells overcome
some of the limitations imposed by primary human RPE cell
cultures that require donor eyes with a short postmortem time. In
addition, primary cultures of human RPE cells exhibit phenotypic
differences in vitro71 and may present other physiological differ-
ences caused by donor-to-donor variabilities. In fact, these authors
identified eight discrete phenotypes of RPE cells within the same
cultures. Keeping all this in mind, the similarities we report in the
expression pattern of nAchR prompted us to perform all subse-
quent experiments in ARPE-19 cells. Aware of advantages and
limitations of in vitro studies, including the possibility that the
ARPE-19 cell differentiation state may not be not similar to adult
cells in vivo, our initial in vitro observations were later confirmed
in an animal model showing that the nAchR �4, �5, �7, and �2

isotypes are expressed in rat RPE. Furthermore, we identified �1
and �4 as the prevalent isoforms in RPE cells and rat RPE, respec-
tively. These results strongly suggest that NT signals directly
through these receptors in the RPE which may have important
functional roles relevant to pathologic angiogenesis. Therefore, it
is reasonable to assume that the harmful role that NT may play in
the pathogenesis of AMD may be mediated, at least in part,
through its direct nAchR-mediated deleterious effects on RPE
cells.

Cell proliferation is the underlying cause of a wide variety of
diseases. NT has been shown to induce proliferation through
its nAchR in endothelial cells,32,33,43 which lies at the origin of
angiogenesis. Previous work from our group has demonstrated
that NT 10�8 M for 24 hours did not induce any cell growth in
a primary cell line of choroidal vascular smooth muscle cells
isolated from C57BL/6 mice, as determined by cell count.45 As
reported here, we did not observe any proliferation of RPE
cells resulting from exposure to NT for 72 hours at pathophysi-
ologically relevant concentrations in this study either. Previous
studies described no significant alteration of either prolifera-
tion of primary RPE cells in response to NT treatment for 3
days72 or cell viability of ARPE-19 cells after exposure to NT for

FIGURE 8. NT increased VEGF ex-
pression and decreased PEDF protein
expression through nAchR in rat
RPE. NT (A) increased VEGF and (B)
PEDF mRNA expression in rat RPE.
(A) NT-increased VEGF and (B) PEDF
mRNA expression was abolished by
HXM. Total RNA was extracted from
RPE microdissected from Sprague-
Dawley rats treated with NT (100
�g/mL) in drinking water for 3 days,
with or without intraperitoneal injec-
tions of nonspecific nicotinic antago-
nist HXM (40 mg/kg/d) for 3 days.
VEGF and PEDF mRNA expression
was assessed by real-time PCR using
GAPDH as housekeeping gene
(pooled RNA from five rats/lane). NT
(C) increased VEGF and (D) de-
creased PEDF protein expression in
rat RPE. (E) NT increased the VEGF/
PEDF protein ratio. Total protein was
extracted from RPE microdissected
from Sprague-Dawley rats treated
with NT (100 �g/mL) in drinking wa-
ter for 3 days. VEGF, PEDF, and
GAPDH protein expression was as-
sessed by Western blot analysis
(pooled protein from five rats/lane).
GAPDH served as the loading con-
trol. (C, D) Top: representative West-
ern blot. The protein’s molecular
mass is shown on the left in kilodal-
tons (kDa). Bottom: average densi-
tometry results. Data are expressed
as a percentage of control and are
the mean � SE. *P � 0.05, **P � 0
01, ***P � 0.0001 versus control;
&P � 0.05 versus NT alone.
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24 hours.73 Our results are a confirmation of these observa-
tions. However, it is worth noting that the concentrations were
very high (10�6 and 0.5 � 10�6 M)72 and even nonphysiologi-
cal (10�2 and 10�4 M)73 compared with the dose we elected to
use in the present study. According to our data, it is likely that
the harmful proangiogenic actions of NT on RPE cells are not
mediated through abnormal effects on cell growth.

Upregulation in brain nAChR has been widely described
after chronic treatment with NT.64 Our study demonstrated for
the first time that exposure of RPE to NT for 72 hours at
concentrations representative of those seen in the plasma of
passive smokers led to increased mRNA levels of the predom-
inant �1 and �4 nAchR isoforms. These findings demonstrate
that NT can rapidly transcriptionally modulate the expression
of prevalent nAChR subtypes in vitro and in vivo and therefore
increase the number of NT binding sites in RPE, which may
have important implications for the harmful proangiogenic
effects of NT.

Multiple lines of evidence show that NT activates several
mitogen-activated protein kinase signaling cascades in a variety
of tissues and cell types.74–76 In the present study, we sought
to evaluate the ERK1/2 pathway to verify the functionality
of nAchR expressed in RPE cells. We found that stimulation of
ARPE-19 cells with NT led to a robust and rapid induction of
ERK1/2 phosphorylation that was completely blocked by
HXM, a nonselective antagonist of nAchR. To our knowledge,
there has been no reported study in the literature describing
the effects of NT on the ERK1/2 signaling pathway in human
RPE cells. However, our results are consistent with previous
studies on various non-neuronal and neuronal systems that
have described an activation of the ERK1/2 cascade in re-
sponse to NT.63,75,77,78 Thus, our data confirm that NT exerts
its biological effects by binding to nAchR leading to ERK1/2
regulation in RPE cells, which could be involved in the proan-
giogenic effects of NT.

In normal tissues, angiogenic homeostasis is controlled by a
delicate balance between pro- and antiangiogenic factors.79

CNV-related angiogenesis requires both an alteration in the
concentration of molecules that stimulate or inhibit growth of
new blood vessels.7 VEGF plays a key role in angiogenesis by
regulating endothelial cells proliferation, migration, and sur-
vival.80 Of interest, secretion of VEGF by RPE cells is polarized,
as the basal secretion toward Bruch’s membrane is two to
seven times higher than the apical secretion toward the pho-
toreceptors.81 This disparity is of particular biological signifi-
cance for the proangiogenic effects of NT, due to the close
proximity of Bruch’s membrane to the endothelial cells of the
choriocapillaries. Increased VEGF expression has been re-
ported in surgically excised AMD-associated choroidal neovas-
cular membranes.82,83 Previous studies have shown that NT
upregulates VEGF expression in endothelial48 and vascular
smooth muscle cells.63 Moreover, exposure of mice to second-
hand smoke, which contains the highest concentrations of NT,
has been shown to increase plasma levels of VEGF.84 PEDF,
which functions as an antiangiogenic factor that inhibits endo-
thelial cells proliferation and stabilizes the endothelium of the
choriocapillaries,15,85 counterbalances the effect of VEGF and
modulates the formation of CNV.65,66 A decrease in PEDF
expression has been reported in eyes with AMD, therefore
disrupting the critical balance between VEGF and PEDF that
may be permissive of the development of CNV.66 In our study,
exposure of ARPE-19 cells to NT increased VEGF and de-
creased PEDF expression, leading to a �1.8 VEGF/PEDF pro-
tein ratio, which may promote angiogenesis. Indeed, Gao
et al.86 reported that retinas from rats with ischemia-induced
neovascularization showed a fivefold increase in VEGF levels
and a twofold decrease in PEDF expression compared with the
controls, resulting in an increase in the VEGF/PEDF ratio to

2.5.86 Our in vitro observations were further corroborated in
vivo by the finding of a robust �2.4-fold increase in VEGF-to-
PEDF protein ratio in RPE from rats after exposure to NT. Of
note, we found that NT upregulated PEDF mRNA expression
while downregulating PEDF protein expression. It can be hy-
pothesized that posttranscriptional regulatory mechanisms pri-
marily involving PEDF mRNA stability explains the decreased
PEDF protein expression in rat RPE. The reasons for the differ-
ence between in vitro and in vivo observations regarding the
regulation of PEDF mRNA in response to NT are not clear but
may be explained by the fact that the mammalian organism’s
milieu and a fully formed organ like the retina constitute an
exponentially more complex system than do isolated RPE cells
in culture. Species difference between human RPE cells and
rats may also account for the discrepancy in results. VEGF and
PEDF transcriptional activation induced by NT was almost
completely abolished by nonspecific nAchR antagonist HXM,
both in vitro and in vivo. These results demonstrate that the
proangiogenic effects of NT are mediated through nAchR and
provide direct support for a key contribution of RPE cells to
NT-stimulated angiogenesis. Given that there is currently no
specific antagonist of �1 nAchR subtype commercially avail-
able, we have not been able to investigate whether this partic-
ular isoform which is the most abundant in cultured human
RPE cells, is the one mediating NT-induced effects on VEGF
and PEDF expression. Additional studies using siRNA that tar-
gets the �1 nAchR subtype are needed, to clarify the contribu-
tion of this isoform to the proangiogenic effects of NT in RPE
cells.

In summary, our results demonstrate an important contri-
bution of RPE cells to the proangiogenic effects of NT. Our data
provide evidence that NT has a direct effect on the RPE
through its nAchR. The increase in VEGF/PEDF ratio induced
by NT may play a key role in CNV-related angiogenesis in AMD
patients who are passive smokers.
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